INTRODUCTION
============

Nucleic acids play a complex role in biological processes. Therefore, it is of great importance to solve their structure and conformational distribution to understand the structure--function relationship of nucleic acids or nucleic acid/protein complexes. Pulsed electron--electron double resonance (PELDOR or DEER) ([@gks817-B1],[@gks817-B2]), together with site-directed spin labeling (SDSL) ([@gks817-B3],[@gks817-B4]), is increasingly being used as a method for structure determination of biomolecules ([@gks817-B5]). PELDOR is a pulsed electron paramagnetic resonance (EPR) technique that is capable of measuring distances in the range of 2--8 nm between spin centers in biological samples ([@gks817-B6]). Therefore, this method requires that the nucleic acids be labeled with molecules that carry an unpaired electron, the so-called spin labels.

The most widely used family of spin labels is nitroxides ([@gks817-B7]). These labels can be attached to the sugar, base or phosphate backbone via linkers of different flexibilities, either during chemical synthesis of the nucleic acid or postsynthetically ([@gks817-B3],[@gks817-B5]). Since flexible linkers introduce an unwanted distribution to distance measurements, the determination of precise distances and conformational distribution of nucleic acid becomes more challenging. A way to get around this problem is incorporating rigid spin labels ([@gks817-B8],[@gks817-B9]). The rigid spin label **Ç** ([Figure 1](#gks817-F1){ref-type="fig"}a), reported by Sigurdsson *et al.* ([@gks817-B9; @gks817-B10; @gks817-B11]), has afforded precise distance measurements, mutual orientation of spin labels and conformational dynamics of nucleic acids through EPR ([@gks817-B9], [@gks817-B12; @gks817-B13; @gks817-B14]). However, all of these labeling strategies require covalent attachment of the label and, thus, rather elaborate organic synthesis, which hampers the wide application and dissemination of this technique. Figure 1.Structures of spin labels and abasic site. (**a**) The rigid spin label **Ç** base paired with G. (**b**) A DNA oligomer containing an abasic site and the rigid spin label ç.

Recently, we have developed a noncovalent SDSL strategy (NC-SDSL) that utilizes spin label **ç** ([@gks817-B15]), the nucleobase of the rigid spin label nucleoside **Ç**. Spin label **ç** binds to the abasic site in duplex DNA by hydrogen bonding with the orphan guanine (G) base present on the complementary strand and by stacking interaction with base pairs flanking the abasic site. Since the DNAs that contains abasic sites are commercially available, the preparation of spin-labeled nucleic acid sample has become as simple as mixing a spin label with a duplex DNA containing abasic sites. Here, we show that the specificity and binding efficiency of **ç** for abasic sites in duplex DNAs ([Table 1](#gks817-T1){ref-type="table"}) are high enough to permit PELDOR measurements with resolved modulations and orientation selectivity. Furthermore, we show on the DNA/Lac repressor system that such measurements can be performed in the presence of DNA-binding proteins and that they enable one to observe DNA bending and dynamics. Table 1.Sequences for the dsDNAs containing abasic sites that were noncovalently spin labeledDNADNA sequence**dsDNA 1**5′-GATGCGFGCGCGCGACTGAC-3′3′-CTACGCGCGCGCGCTGAFTG-5′**dsDNA 2**5′-GCGFA**TTGTGAGCGGATAACAATT**TGGCG-3′3′-CGCGT**AACACTCGCCTATTGTTAA**AFCGC-5′[^2]

MATERIALS AND METHODS
=====================

General procedures
------------------

NaCl and 2 -(*N*-morpholino)ethanesulfonic acid (MES) were obtained from Fluka. Na~2~HPO~4~·6 H~2~O, ethanol and ethylenediaminetetraacetic acid (EDTA) were obtained from Fischer Scientific. Ethylene glycol was obtained from Aldrich. Deuterated ethylene glycol (98%) and deuterium oxide (99%) were obtained from Cambridge Isotope Laboratories.

Synthesis and purification of DNA oligomers
-------------------------------------------

### 29-Mer Ç labeled DNA oligomers were synthesized and purified as previously reported ([@gks817-B11]) {#SEC29-Mer}

DNA oligomers containing abasic sites were synthesized by a trityl-off synthesis on a 1.0 µmol scale (1000 Å CPG columns) using an automated ASM 800 Biosset DNA synthesizer and phosphoramidites with standard protecting groups. 1,2-Dideoxy [d]{.smallcaps}-ribose CED phosphoramidite was used as a building block for abasic oligomer synthesis. The DNA oligomers were deprotected in concentrated ammonia solution at 55°C for 8 h and purified by 20% denaturing polyacrylamide gel electrophoreses (DPAGE). The oligonucleotides were visualized by ultraviolet (UV) shadowing, and the bands excised from the gel were crushed and soaked in TEN buffer (10 mM Tris pH 7.5, 250 nM NaCl and 1 mM Na~2~EDTA). The DNA elution solutions were filtered through a 0.45-µm polyethersulfone membrane (disposable filter device from Whatman) and desalted using Sep-Pak cartridge (Waters Corporation) according to manufacturer's instructions. After removing the solvent under vacuum, the oligonucleotides were dissolved in deionized and sterilized water (200 µl). All commercial phosphoramidites, CPG columns and solutions for DNA synthesis were purchased from ChemGenes Corporation.

29-Mer DNA oligomers containing 19-mer LacI operator sequence and abasic sites were purchased from Eurogentec. Purification was done with DPAGE and quality control by MALDI-TOF mass spectrometry.

The concentration of DNA oligomers was calculated from Beer's law based on measurements of absorbance at 260 nm, using a 50 Bio UV--visible spectrometer from Varian, equipped with a 100 µl cell (optical path length = 1 cm). Extinction coefficients of DNA oligomers were determined using the UV WinLab oligonucleotide calculator (V2.85.04, Perkin Elmer). ssDNA oligomers solutions (1 µl) were dissolved in sterilized water (99 µl) and transferred to spectrometer cell for measurements. Sterilized water was used as a reference sample. Evaporation of solvents under vacuum was carried out on an SPD 111 -V speed-vac from Savant equipped with vapor trap and vacuum inversion. Preparation of all DNA samples for EPR measurements were done in sterile Biopur Eppendorf tubes (2 ml) with cap.

Hybridization of oligonucleotides
---------------------------------

Hybridization of all DNA oligomers was performed with a PCH-2 heating block from Grant-bio. Complementary DNA strands were annealed according to the following program: 90°C for 2 min, 60°C for 5 min, 50°C for 5 min, 40°C for 5 min, 22°C for 15 min. The DNA samples were stored at −30°C.

Preparation of dsDNA 1
----------------------

Synthesized and purified DNA oligomers were reconstituted with sterile water in Biopur Eppendorf tubes (2 ml). Noncovalently spin-labeled DNA duplexes were prepared by mixing appropriate single-stranded DNA oligomers (5 nmol) with two equivalents of spin label **ç** dissolved in ethanol (10 nmol). The water/ethanol solution was evaporated under vacuum and the dry sample was dissolved in phosphate buffer (Na~2~HPO~4~ 10 mM, NaCl 100 mM, Na~2~EDTA 0.1 mM, pH 7.00) (100 µl). After annealing the DNA oligomers, the solvent was removed under vacuum. The dry sample was dissolved in sterile water with 20% (v/v) ethylene glycol (100 µl). All samples were transferred to a quartz EPR tube, rapidly frozen in (1:4 methylcyclohexane:iso-pentane at −165°C) and stored in liquid nitrogen.

Preparation of dsDNA 2
----------------------

29-Mer DNA oligomers (4 nmol) were mixed with two equivalents of **ç** dissolved in ethanol (8 nmol) and annealed in phosphate buffer (Na~2~HPO~4~ 10 mM, NaCl 100 mM, Na~2~EDTA 0.1 mM, pH 7.00) (100 µl). The solvent was removed under vacuum, and the dry sample was dissolved in MES buffer (MES 20 mM pH 6.0, NaCl 300 mM, in ^2^H~2~O) (80 µl) and deuterated ethylene glycol (20 µl). The sample was transferred to an EPR tube, rapidly frozen in a freezing mixture and stored in liquid nitrogen.

Electrophoretic mobility shift assay
------------------------------------

Aliquots of LacI from *Escherichia coli* (150 µM) in MES buffer (MES 20 mM pH 6.0, NaCl 300 mM, 50% in ^2^H~2~O) were prepared. ^32^P-labeled 29-mer dsDNA (50 nM) was incubated for 20 min at room temperature with two equivalents of **ç** spin label and Lac repressor, titrated at 0.25, 0.5, 0.75, 1.25, 2.5, 5 and 12.5 µM, in MES buffer (MES 20 mM pH 6.0, NaCl 300 mM, 100% in ^2^H~2~O), before loading onto 12% native acrylamide gel (90 mM Tris-borate, 2 mM EDTA). Gels were run at 130 V for 4 h, exposed to phosphor imaging screen and visualized using a Fuji FLA5000 imager.

Preparation of dsDNA 2 with lac repressor
-----------------------------------------

29-Mer DNA oligomers (4 nmol) were mixed with two equivalents of **ç** dissolved in ethanol (8 nmol) and annealed in phosphate buffer (Na~2~HPO~4~ 10 mM, NaCl 100 mM, Na~2~EDTA 0.1 mM, pH 7.00) (100 µl). The solvent was removed under vacuum, and the dry sample was dissolved in MES buffer (MES 20 mM pH 6.0, NaCl 300 mM, 50% in ^2^H~2~O) containing Lac repressor (315 µM) (80 µl) and deuterated ethylene glycol (20 µl). The sample was transferred to an EPR tube and rapidly frozen in a freezing mixture ∼10 min after addition of LacI. The sample was stored in liquid nitrogen.

Preparation of dsDNA 3
----------------------

29-Mer DNA oligomers (4 nmol) spin labeled with the **Ç** spin label were annealed in phosphate buffer (Na~2~HPO~4~ 10 mM, NaCl 100 mM, Na~2~EDTA 0.1 mM, pH 7.00) (100 µl). The solvent was removed under vacuum, and the dry sample was dissolved in MES buffer (MES 20 mM pH 6.0, NaCl 300 mM, in ^2^H~2~O) (80 µl) and deuterated ethylene glycol (20 µl). The sample was transferred to an EPR tube, rapidly frozen in a freezing mixture and stored in liquid nitrogen.

Preparation of dsDNA 3 with lac repressor
-----------------------------------------

29-Mer DNA oligomers (4 nmol) spin labeled with the **Ç** spin label were annealed in phosphate buffer (Na~2~HPO~4~ 10 mM, NaCl 100 mM, Na~2~EDTA 0.1 mM, pH 7.00) (100 µl). The solvent was removed under vacuum, and the dry sample was dissolved in MES buffer (MES 20 mM pH 6.0, NaCl 300 mM, 50% in ^2^H~2~O) containing Lac repressor (315 µM) (80 µl) and deuterated ethylene glycol (20 µl). The sample was transferred to an EPR tube and rapidly frozen in a freezing mixture ∼10 min. after addition of LacI. The sample was stored in liquid nitrogen.

Pulse EPR measurements
----------------------

Pulse EPR measurements were done using a Bruker ELEXSYS E580 X-band EPR spectrometer with a standard flex line probe head, housing a dielectric ring resonator (MD4). For measurements at cryogenic temperatures, a continuous-flow helium cryostat (CF935) and a temperature control system (ITC 502) from Oxford instruments were used. All pulsed experiments were performed at 50 K. For PELDOR measurements, a double-microwave frequency setup available from Bruker was used. Microwave pulses were amplified with a TWT amplifier (117X) from Applied Systems Engineering. PELDOR experiments were done using the four-pulse sequence, *π*/2(*ν*~A~) − *τ*~1~ − *π*(*ν*~A~) − (*τ*~1~ + *t*) − *π*(*ν*~B~) − (*τ*~2~ − *t*) − *π*(*ν*~A~) − *τ*~2~ − echo. To eliminate receiver offsets, the *π*/2(*ν*~A~) pulse was phase cycled by applying the microwave pulse consecutively through the +\<*x*\> and −\<*x*\> channels and subtracting the signals. The length of the detection pulses (*ν*~A~) were set to 16 (*π*/2) and 32 ns (*π*). The frequency of the inversion pulse (*ν*~B~) was set at the maximum of the nitroxide field sweep spectrum, and the length was set to 16 ns. Amplitude and phase of the pulses were set to optimize the refocused echo (RE). The frequency of the detection pulses (*ν*~A~) was 40--90 MHz higher than the frequency of the inversion pulse (*ν*~B~). All PELDOR spectra were recorded with a short repetition time of 4000--5000 µs, video amplifier bandwidth of 20 MHz and amplifier gain of 51--57 dB. *τ*~1~ was set to 200 ns for samples in protonated matrix and to 380 ns for samples in deuterated matrix. Proton and deuterium modulation were suppressed by incrementing *τ*~1~ by 8 ns eight times and adding the consecutive spectra. The time increment of the inversion pulse was set to either 12 or 30 ns.

Data analysis, simulation and modeling
--------------------------------------

Experimental PELDOR time traces were background subtracted and Fourier transformed using DeerAnalysis2011 ([@gks817-B16]). Distance distributions were generated from orientation average time traces using Tikhonov regularization, as implemented in DeerAnalysis2011. The equilibrium geometry of spin label **ç** was calculated using density functional theory (DFT) with the B3LYP functional and 6-31 G\* basis set as implemented in Spartan (Wavefunction). B-form DNA structures were modeled with the make-na server from <http://casegroup.rutgers.edu/Biomer/index.html>. Abasic sites were introduced into the DNA duplexes by deleting the corresponding cytosine and replacing the glycosidic bond with hydrogen using PyMol (DeLano Scientific LLC). Simulated PELDOR time traces and distance distributions were done using a Matlab program as previously described ([@gks817-B17]).

RESULTS AND DISCUSSIONS
=======================

Sequence-specific binding of DNA by proteins regulates transcription and translation processes and thereby expression of specific genes. Such binding events have been studied by several techniques, such as foot printing ([@gks817-B18]), photochemical cross-linking ([@gks817-B19]) and various spectroscopic approaches ([@gks817-B20]). There are a number of examples of major conformational changes associated with such binding events ([@gks817-B21],[@gks817-B22]). Studying the details of such molecular rearrangements requires high-resolution techniques, such as X-ray crystallography ([@gks817-B23]) or NMR spectroscopy ([@gks817-B24],[@gks817-B25]). Unfortunately high-resolution structures of nucleic acid/protein complexes are not readily obtained, and static crystal structures give limited information about dynamics that may play a role in the mechanism of gene regulation ([@gks817-B26]). Solution studies through long-range distance measurements have been performed using fluorescence resonance energy transfer (FRET), but this technique suffers from the flexibility and uncertainty in orientation of the dyes ([@gks817-B27]). On the other hand, the use of rigid spin labels and PELDOR enables accurate distance measurements and also yields information on orientations ([@gks817-B14]).

The PELDOR method
-----------------

PELDOR can determine distances between two nitroxide spin labels, placed into biopolymers using SDSL ([@gks817-B28]), through measurement of the dipolar coupling between the two spins. The relationship between dipolar coupling and distance is described by [Equation (1)](#gks817-M1){ref-type="disp-formula"} ([@gks817-B29]): where 52.16 is the dipolar splitting constant for two nitroxides, *r* is the magnitude of the interspin distance vector **r** and *θ* is the angle between the applied magnetic field *B*~0~ and the distance vector. In a four-pulse PELDOR experiment, the intensity of the RE, created from spins in resonance with the detection sequence *ν*~A~ (spins A), is modulated by the inversion of spins in resonance with the inversion pulse *ν*~B~ (spins B) ([Figure 2](#gks817-F2){ref-type="fig"}). The frequency of this modulation is the dipolar coupling between spins A and B. When the orientation of the spin centers in a molecule is fixed, the modulation frequency and depth of the PELDOR time trace become dependent on the frequency of the detection sequence ([@gks817-B9]). Figure 2.The four-pulse PELDOR sequence. The detection sequence *ν*~A~ is in gray. The inversion pulse *ν*~B~ is in black. The Hahn echo (HE) and RE are denoted by a broken and solid line, respectively.

PELDOR measurements on dsDNA 1
------------------------------

**dsDNA 1** was mixed with two equivalents of the spin label **ç** and then hybridized in phosphate buffer containing 20% ethylene glycol as cryoprotectant. Binding of the spin labels to the abasic sites was confirmed by measuring the noncovalently spin-labeled DNA with continuous wave (CW) EPR at 0 to −40°C ([Supplementary Information](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1), [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1)). The spin-labeled dsDNA was then measured with four-pulse PELDOR ([@gks817-B2]), placing the inversion pulse at the center of the nitroxide spectrum and the detection pulse sequence at 40--90 MHz higher frequency ([Figure 3](#gks817-F3){ref-type="fig"}). At 90 MHz offset, the detection sequence excites predominantly the A*~zz~* component of the ^14^N hyperfine tensor. Decreasing the frequency offset to 40 MHz results in an increased excitation of A*~xx~*, A*~yy~* and off-diagonal components. Figure 3.The A-tensor frame and EPR spectrum for a nitroxide. (**a**) A nitroxide and the relative orientation of the A-tensor's principal components. (**b**) A nitroxide EPR spectrum at X-band. The blue arrow indicates the position of the inversion pulse. The red arrows indicate the position of the detection pulses at 40--90 MHz offsets between the frequencies of the detection and inversion pulses. The sticks at the top of the figure show the approximate positions of the ^14^N hyperfine coupling components.

Acquiring the PELDOR experiments at 40--90 MHz offset, in steps of 10 MHz, resulted in the time traces with varying modulation frequency and depth shown in [Figure 4](#gks817-F4){ref-type="fig"}a. The PELDOR time trace acquired at 40 MHz offset has a modulation depth Δ of about 0.16 ([Figure 4](#gks817-F4){ref-type="fig"}c). This modulation depth depends on the relative orientation of the spin labels, the degree of orientation correlation, the ratio between coupled spin pairs in DNA and the total spin concentration ([@gks817-B30]). Therefore, comparing this modulation depth to one of a DNA with the same base sequence but with the covalently attached spin label **Ç** (which is 100% doubly spin-labeled) gives access to the degree of noncovalent binding, assuming that the relative orientation and the orientation correlation are the same. The covalently labeled DNA duplex, at 40 MHz offset, had a modulation depth of about 0.45 ([@gks817-B9]). Comparing this to the modulation depth of 0.16 for the noncovalently labeled DNA indicates that 0.16/0.45 = 36% of the DNA duplexes contain two noncovalently bound spin labels. The same result was obtained at the other frequency offset. The percentage of doubly labeled DNAs could not be increased by increasing the ratio of spin label to duplex nor by varying the flanking bases for both abasic sites ([@gks817-B31]). Rapidly freezing the noncovalently spin-labeled DNA either before or after cooling the sample to approximately −30°C did not affect the modulation depth (data not shown). Figure 4.PELDOR data for **dsDNA 1**. (**a**) PELDOR time traces of noncovalently spin-labeled **dsDNA 1** (black) with simulated time traces overlaid (red). The time traces have been background subtracted, normalized and displaced on the *y*-axis for clarity (original time traces are depicted in the [Supplementary Information](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1)). (**b**) Fourier transformation of the experimental time traces and their sum. Arrows point to the perpendicular and parallel components. (**c**) Orientation-averaged time trace and distance distribution from simulation (red) and summed time trace (blue). Δ represents the modulation depth.

The dependence of the dipolar frequency on the frequency offset can be seen in the Fourier transformed time traces in [Figure 4](#gks817-F4){ref-type="fig"}b. These show that the parallel component of the dipolar spectrum (*θ* = 0°) increases in intensity as the detection sequence is moved from 40 to 90 MHz offset. This trend was also observed for the covalently spin labeled dsDNA ([@gks817-B9]) and indicates that the A*~zz~* components of the rigid spin label **ç** are approximately parallel to the interspin vector **r** ([Figure 5](#gks817-F5){ref-type="fig"}a). Since the PELDOR time traces of the noncovalently spin-labeled dsDNA show that the spin-label orientation is correlated with the orientation of the interspin vector **r**, the distance distribution cannot be obtained from the individual time traces using the program DeerAnalysis2011 ([@gks817-B32]). Instead, all six time traces recorded at the different spectral positions were added together, as described by Godt *et al.* ([@gks817-B33]), which yields an orientation-averaged time trace. The resulting orientation-averaged time trace, its Fourier transformation and the corresponding distance distribution are shown in [Figure 4](#gks817-F4){ref-type="fig"}b and c. The obtained distance distribution has a mean distance of 38 ± 2.2 Å ([Figure 4](#gks817-F4){ref-type="fig"}c, inset), nearly identical to that previously determined for the covalently spin-labeled **dsDNA 1** (37 ± 1 Å) ([@gks817-B9]). Figure 5.Molecular models of the noncovalently spin-labeled **dsDNA 1**. (**a**) Molecular model of **dsDNA 1** showing the relative positioning of the **ç** spin labels (red) and the distance vector between them (broken black line). (**b**) A close-up view of **ç** (stick representation) within the DNA abasic site. The conformational dynamics of the spin label, as implemented in the PELDOR simulations, are depicted. The transparent spin labels show how the spin labels move away from an equilibrium position upon cooperative twist-stretching of the DNA helix. The conformational dynamics of the DNA helix have been omitted, and the methyl groups of the transparent spin labels have been removed for clarity.

To obtain information on the conformational dynamics of the dsDNA and spin label orientation, the PELDOR time traces were simulated with an in-house Matlab® program ([@gks817-B17]) using the cooperative twist-stretch dynamic model for short dsDNA ([@gks817-B34],[@gks817-B35]) ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1)) that was recently applied by the lab of Prisner ([@gks817-B14]) for the analysis of PELDOR data obtained from the covalent version of our label. Using identical dynamics parameters as for the covalently spin labeled dsDNA ([@gks817-B14]), except for the mean distance (see [Supplementary Information](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1), [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1)), the simulated PELDOR time traces agree well with the experimental time traces ([Figure 4](#gks817-F4){ref-type="fig"}a) and yield a distance distribution in agreement with the distribution from the orientation-averaged time trace ([Figure 4](#gks817-F4){ref-type="fig"}c). It should also be noted that all six time traces were simulated with the same set of geometrical parameters. Interspin distances obtained from PELDOR, simulations and modeling DNA duplexes are summarized in [Table 2](#gks817-T2){ref-type="table"}. Table 2.Interspin distances for all dsDNAdsDNA*r*~DA~[^a^](#gks817-TF1){ref-type="table-fn"} (Å)*r*~Simulation~[^b^](#gks817-TF2){ref-type="table-fn"} (Å)*r*~MM/X-ray~[^c^](#gks817-TF3){ref-type="table-fn"} (Å)**dsDNA 1**38.0 ± 2.238.6 ± 2.5 (0.4 ± 0.1)38**dsDNA 2**69.2 ± 3.870.0 ± 4.8 (1 ± 0.1)73**dsDNA 2 + LacI**64.6 ± 4.165.0 ± 5.3 (1 ± 0.1)67[^3][^4][^5]

Observing LacI-induced DNA bending by PELDOR
--------------------------------------------

To assess the applicability of noncovalent spin labeling for distance measurements on DNA/protein complexes, the binding of the Lac repressor protein (LacI) to the consensus Lac operator DNA sequence ([Figure 6](#gks817-F6){ref-type="fig"}) was chosen as a proof of principle experiment. The Lac repressor binds specifically to the operator and distorts the DNA from its B-form by bending the center of the operator sequence through an angle of ∼45° (37--39). If the LacI protein is able to bind to a DNA containing two abasic sites occupied by the spin label **ç**, then the accompanied bending of the DNA should manifest in a distance change in the PELDOR experiment. Figure 6.Lac repressor dimer bound to a 21-mer symmetric Lac operator (PDB 1LBG) ([@gks817-B36]). The Lac repressor is represented in surface mode. The Lac operator DNA is represented in cartoon mode.

For this experiment, we used a 29-mer dsDNA that contains a 19-mer Lac consensus sequence and two abasic sites (**dsDNA 2,** [Table 1](#gks817-T1){ref-type="table"}). To verify the binding of the Lac repressor protein (LacI from *Escherichia coli*) to the dsDNA, an electrophoretic mobility shift assay was used. The 29 base pair DNA duplex with two abasic sites was radiolabeled with ^32^P and 50 nM duplex incubated with an increasing concentration of LacI before electrophoresis and imaging. A clear shift of the DNA upon protein binding was observed, yielding an apparent dissociation constant of ∼1 µM LacI ([Figure 7](#gks817-F7){ref-type="fig"}). This suggests that the protein is fully bound at the concentrations used for EPR experiments. Similar results were obtained whether or not the spin label **ç** was present. The binding affinity is weaker than that published previously for the Lac repressor using membrane filtering ([@gks817-B40]), most likely due to the relatively short length of DNA used, the incorporation of two abasic sites and the use of the gel-shift technique, which tends to underestimate binding affinity due to extended incubation times. Figure 7.Electrophoretic mobility shift assay showing binding of the Lac repressor to the **dsDNA 2** in the presence of the spin label **ç**. DNA (50 nM) was titrated with 0, 0.25, 0.5, 0.75, 1.25, 2.5, 5 and 12.5 µM LacI dimer before separation by gel electrophoresis and gel visualization. An apparent dissociation constant of ∼1 µM was observed. The second, more retarded species observed at high protein concentrations is likely due to the known propensity for LacI to tetramerise.

The **dsDNA 2** was noncovalently spin labeled with two equivalents of spin label **ç** and measured with PELDOR at 40--90 MHz frequency offsets, both before and after addition of LacI. The PELDOR time trace of the DNA duplex alone at 40 MHz has a modulation depth of 0.2 ([Figure 8](#gks817-F8){ref-type="fig"}a), corresponding to ∼40% doubly spin-labeled duplex DNA. This is comparable to the binding observed for **dsDNA 1**, taking into account the error in determining the modulation depth and different label orientation. The change in the modulation period for **dsDNA 2** is not as visible as for **dsDNA 1** ([Figure 8](#gks817-F8){ref-type="fig"}a and b) but increasing the frequency offset from 40 to 90 MHz leads to a decrease in modulation depth. The Fourier transformations of the individual time traces show less pronounced orientation selection for this DNA ([Figure 8](#gks817-F8){ref-type="fig"}c and d). This could be due to the increased interspin distance and flexibility or that the angle between the interspin vector and the *z* component of the spin labels' ^14^N hyperfine coupling tensor (A~zz~) is around 45° ([@gks817-B9]). To observe at least one full period of the dipolar modulation, the time window had to be extended to 7 µs. This considerably reduces the monitored echo intensity and results in a time trace with worse signal to noise than for **dsDNA 1**. Figure 8.PELDOR data for noncovalently spin-labeled **dsDNA 2** with and without LacI at 40--90 MHz offsets. (**a**) and (**b**) Background-corrected PELDOR time traces of **dsDNA 2** without and with LacI (black), respectively, overlaid with the corresponding simulated time traces (red). The time traces have been displaced on the *y*-axis for clarity. Original time traces are shown in the [Supplementary Information](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1), [Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1). (**c**) and (**d**) are the respective Fourier transformations of the time traces in (a) and (b). The black spectra are the Fourier transformations of the respective summed time traces shown in (**e**) and (**f**). (e) and (f) are the summed PELDOR time traces of **dsDNA 2** without and with LacI, respectively. The inset shows the distance distribution obtained from the summed time traces using DeerAnalysis (blue) and the distribution obtained from model-based simulations.

The distance distribution from the orientation-averaged PELDOR time trace has a mean distance of 69.2 Å ([Figure 8](#gks817-F8){ref-type="fig"}e, inset), close to the mean distance of 68.1 Å obtained from PELDOR measurements on an identical DNA duplex covalently spin labeled with **Ç** ([Supplementary Information](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1), [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1) and [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1), [S3](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1)). Simulations of the PELDOR time traces for **dsDNA 2** using the cooperative twist-stretch dynamics model ([@gks817-B14]) yields a distance distribution with a mean distance of 70 Å ([Figure 8](#gks817-F8){ref-type="fig"}e, inset), which is in good agreement with the result from DeerAnalysis. The PELDOR time traces for **dsDNA 2** bound to the Lac repressor show a modulation but only a weakly resolved orientation selection ([Figure 8](#gks817-F8){ref-type="fig"}b and d). The modulation depth at 40 MHz of 0.1 indicates that 20% of the dsDNA are doubly labeled. The decrease in noncovalent spin labeling efficiency is attributed to deformation of the DNA and abasic sites due to LacI binding, which impedes spin-label binding into the abasic sites. However, the labeling efficiency and specificity are still large enough to yield modulated PELDOR time traces. The distance distribution from the orientation-averaged time trace has a mean distance of 64.6 Å ([Figure 8](#gks817-F8){ref-type="fig"}f, inset). Comparing the orientation-averaged PELDOR time traces and distance distributions for **dsDNA 2** and **dsDNA 2 + LacI** clearly shows the change in interspin distance upon binding of LacI ([Figure 9](#gks817-F9){ref-type="fig"}). Figure 9.Overlay of the PELDOR data for **dsDNA 2** and **dsDNA 2 + LacI**. (**a**) Background-corrected orientation-averaged time traces. (**b**) Distance distributions from the time traces in (a) obtained by Tikhonov regularization.

Using the mean distances obtained from the orientation-averaged PELDOR time traces for the bound and unbound duplexes and trigonometry ([@gks817-B41]) yields a bending angle of 42°, which is in good agreement with a bending angle of ∼45° observed from crystal structure ([@gks817-B39]) and the 48.5° obtained from PELDOR measurements on the covalently spin-labeled DNA ([Supplementary Information](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1), [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1)). Although the change in the observed interspin distance corresponds nicely to a 42° bending of the DNA, this approach does not take into account the fact that the spin labels stick out from the DNA helix and change their relative orientation when LacI bends the DNA. Furthermore, addition of time traces acquired at discrete field positions does not represent a complete orientation-averaged time trace ([@gks817-B42]). This motivated us to simulate the PELDOR time traces of the DNA/LacI complex using a model with the twist-stretch dynamics of the unbound DNA. Assuming that LacI bends the operator DNA symmetrically around the central base pair, which is valid according to the X-ray structure, and using simple trigonometry, it can be estimated that a 42° bending of the DNA should decrease the distance between the two abasic sites by about 4.6 Å and tilt each spin label ∼21° toward the interspin vector ([Figure 10](#gks817-F10){ref-type="fig"}). Furthermore, to obtain a good fit to the experimental modulation frequency, it was necessary to increase the equilibrium angle between the N-O axes of the spin labels (torsion angle) by 15°, relative to the angle used for the unbound DNA. This change in the torsion angle can be rationalized by the unwinding of the DNA upon binding to LacI ([@gks817-B36]). These geometric parameters were then combined with the twist/stretch dynamics model used for the **dsDNA 2**. The geometric and dynamics parameters that resulted in simulations with a good fit to the experimental time traces ([Figure 8](#gks817-F8){ref-type="fig"}b) are listed in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1). These parameters yield a distance distribution with a mean distance of 65 Å, which fits nicely to the distance obtained from DeerAnalysis ([Table 2](#gks817-T2){ref-type="table"}). Figure 10.Diagram illustrating the change in distance between the DNA abasic sites and spin-label orientation upon DNA bending. The **dsDNA 2** is represented by black solid lines, abasic sites by black circles and spin labels by red lines. (**a**) Unbound **dsDNA 2**. The distance between the abasic sites (the height between spin labels) is denoted by *L*. (**b**) **dsDNA 2** after being bent 42° about the center by the LacI protein. The distance between the abasic site, which now has become shorter, is denoted by *L*\'.

CONCLUSIONS
===========

We have noncovalently spin-labeled dsDNA with the rigid spin label **ç** and used PELDOR to measure the interspin distance, label orientations and conformational dynamics of DNA duplexes and a DNA/protein complex. We were able to show that the LacI protein binds and bends DNA in the presence of noncovalently bound spin labels. The protein does displace a fraction of the labels but are still bound to enable PELDOR measurements. Measuring this DNA/protein complex enabled us to evaluate the limits for the noncovalent spin labeling method to be close to 70 Å for the maximum distance, 20% for the double spin labeling efficiency and 4.5 Å as a detectable distance change. We have obtained PELDOR time traces that show clear modulation and orientation selectivity. Most importantly, the noncovalent but site-directed labeling strategy, with the rigid spin label **ç**, simply requires mixing spin label and DNA, followed by PELDOR measurements. Since DNA strands containing abasic sites at specific sites are commercially available, this strategy is widely applicable and should facilitate dissemination of this EPR methodology.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gks817/DC1) are available at NAR Online: Supplementary Tables 1--3, Supplementary Figures 1--5 and Supplementary Information.
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[^1]: Present address: Olav Schiemann, Institute of Physical and Theoretical Chemistry, University of Bonn, Bonn 53115, Germany.

[^2]: The abasic sites are denoted by F. The bold sequence in dsDNA 2 is the 19-mer Lac repressor consensus sequence.

[^3]: ^a^Most probable distance±one standard deviation from orientation-averaged PELDOR time traces using DeerAnalysis 2011.

[^4]: ^b^Most probable distance±one standard deviation. The error in the distance±one standard deviation is in brackets.

[^5]: ^c^Interspin distances obtained from molecular modeling using B-form DNA duplexes. The interspin distance for **dsDNA 2** bound to LacI was estimated by modeling spin labels into the X-ray structure of a 21-mer dsDNA bound to LacI (pdb id. 1LBG).
